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Abstract. δ‑opioid receptor  (DOR) belongs to the family 
of G protein‑coupled receptors (GPCRs). Numerous studies 
have shown that DOR is widely distributed in human periph-
eral tissues and is closely related to the development and 
progression of certain malignant tumours. However, there is 
controversy in the literature regarding whether DOR has an 
impact on the development and progression of human breast 
cancer. The present study comprehensively elaborates on the 
biological functions of DOR by determining the distribution 
of DOR expression in breast cancer tissues and cells and by 
further verifying the effects of DOR on breast cancer progres-
sion. DOR was found to be highly expressed in human breast 
cancer tissues and cells. In addition, the high expression level 
of DOR positively correlated with tumour grade and clinical 
stage and negatively correlated with breast cancer metastasis 
and prognosis. Upregulating and activating DOR promoted 
the proliferation of human breast cancer cells in a concentra-
tion‑dependent manner within a specific concentration range, 
whereas downregulating or inhibiting DOR activation signifi-
cantly suppressed cell proliferation. The majority of tumour 
cells were arrested in G1 phase, and some cells exhibited 
apoptosis. DOR upregulation and activation induced protein 

kinase C (PKC) activation, resulting in increased phosphory-
lation levels of extracellular signal‑regulated kinases (ERKs). 
After inhibition of the PKC/ERK signalling pathway, the 
effects of DOR on breast cancer were significantly attenu-
ated in vivo and in vitro. In summary, DOR is highly expressed 
in breast cancer and is closely related to its progression. These 
results suggest that DOR may serve as a potential biomarker 
for the early diagnosis of breast cancer and may be a viable 
molecular target for therapeutic intervention.

Introduction

Breast cancers are one of the major diseases that endanger 
human life and health. Breast cancer ranks first among the 
malignant tumours diagnosed in women and is a major disease 
that threatens women's health. The incidence of breast cancer 
has shown a continuing upward trend year after year (1‑3). 
Early diagnosis and effective treatment are critical for most 
breast cancer patients to achieve prolonged survival and 
improved prognosis. Therefore, clarification of the molecular 
mechanisms underlying the development and progression of 
breast cancer and the identification of more effective diag-
nostic markers and therapeutic targets are required to improve 
the overall efficiency of breast cancer treatments.

δ‑opioid receptor (DOR) belongs to the G protein‑coupled 
receptor (GPCR) family (4,5). The endogenous ligands of DOR 
are opioid peptides (6,7). DOR is widely distributed in the body, 
including the heart (8), the gastrointestinal (GI) tract (9‑11), 
the immune system (12) and the reproductive system (13‑15).
Studies have revealed that DOR is involved in the development 
and progression of certain malignant tumours. Debruyne et al 
found that DOR agonists affect the invasion of HCT‑8/E11 
colon cancer cells in a concentration‑dependent manner (16). 
Kuniyasu et al found that the functional status of DOR plays 
an important regulatory role in the metastasis of colorectal 
cancer to the liver (17). Schreiber et al found that DOR is 
highly expressed in small cell lung cancer, and the sequence 
of DOR mRNA expressed in lung cancer shares homology 
with the DOR sequence in the brain (18). These findings indi-
cate that DOR exerts certain biological activities on various 
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types of tumours. The µ‑opioid receptor gene polymorphism 
observed in breast cancer is a highly significant risk factor for 
the development and progression of breast cancer (19). The 
present study found that the activation of DOR promoted the 
proliferation of human breast cancer cells.

Protein kinase C (PKC) is widely distributed throughout 
the human body. PKC regulates the proliferation and differen-
tiation of a variety of cells (20‑22); furthermore, activated PKC 
promotes the proliferation of a variety of tumour cells (23), 
including breast cancer cells (24,25). Moreover, DOR‑specific 
agonists activate PKC, which induces the activation of extra-
cellular signal‑regulated kinases (ERKs) (26). ERKs belong 
to the mitogen‑activated protein kinase (MAPK) family and 
include two subtypes, the ERK1 and 2. ERKs participate 
in various biological processes, including cell growth, cell 
proliferation and apoptosis (27). Studies have found that DOR 
promotes cell proliferation through ERK pathways. This 
phenomenon has been confirmed in PC12 cells, SH‑SY5Y 
cells and cardiomyocytes (28‑30). Therefore, we hypothesized 
that DOR regulates the progression of breast cancer via the 
PKC/ERK signalling pathway.

The goal of the present study was to verify the effect of 
DOR on the development and progression of breast cancer 
through the examination of DOR expression in breast cancer 
tissues and cells. Our results showed that DOR was widely 
expressed in breast cancer tissues and cells, exogenous acti-
vation of DOR promoted the proliferation of breast cancer 
cells in a concentration‑dependent manner and the PKC/ERK 
signalling pathway played an important role in these processes.

Materials and methods

Collection of breast cancer tissue samples. This study was 
approved by the Ethics Committee of the Affiliated Hospital 
of Guilin Medical College. Tissue samples and clinical data 
were collected after the patients or their families signed the 
informed consent documents. All 62 breast cancer and para-
cancerous tissue samples (tissues located >2 cm away from 
the tumour resection margins) examined in the present study 
were derived from the surgical resection specimens preserved 
during the 2007‑2009 period at the Department of Breast 
Surgery, Affiliated Hospital of Guilin Medical College. The 
tissue samples were subjected to pathological examination and 
associated with complete clinical information. All surgical 
resection specimens were separately packed and stored in 
liquid nitrogen within 30 min of resection. None of the patients 
received palliative surgery, radiotherapy, chemotherapy or 
other related treatments prior to the surgical resection.

The patients were comparable in terms of age, menopausal 
status, family history of cancer, ethnicity, pathological type 
and grade, tumour size, axillary lymph node metastasis and 
clinical stage. The differences in these parameters were 
not statistically significant. The histological grade of the 
breast tumours were assessed according to the World Health 
Organization  (WHO) standards and were classified into 
grades I‑Ⅲ. Tumour stage was determined based on the 
seventh edition of the tumour‑node‑metastasis (TNM) classifi-
cation of malignant tumours published by the American Joint 
Committee on Cancer (AJCC) and the Union for International 
Cancer Control (UICC). The 62 patients were followed up 

for five consecutive years and were required to undergo a 
computed tomography (CT) scan and ultrasound once every 
6 months.

Cell culture. MCF‑10F human breast epithelial cells and 
MCF‑7, MDA‑MB‑231 and SKBR‑3 human breast cancer 
cells were purchased from the Cell Bank of Shanghai Institute 
of Cell Biology, Chinese Academy of Sciences. The human 
breast epithelial cells and breast cancer cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM) and Roswell 
Park Memorial Institute  (RPMI)‑1640 medium, respec-
tively. All media were supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml of penicillin and 100 U/ml of strep-
tomycin. The cells were cultured at 37˚C in a humidified 5% 
CO2 incubator.

Cell transfection. Breast cancer cells were maintained at a 
logarithmic growth phase until 75% confluency. The cells were 
then transduced with 5 µl of virus (titre, 1.0x109 TU/ml). In 
addition, polybrene was added to each well of cells. After 12 h 
of viral infection, the virus‑containing medium was replaced 
with fresh conventional culture medium, and the cultured 
cells remained at 37˚C in a 5% CO2 incubator. At 4 days after 
viral infection, fluorescence within the cells was observed and 
photographed. In addition, the mRNA or total protein was 
extracted based on the goals of each experiment.

Reverse transcription polymerase chain reaction (RT‑PCR). 
The total RNA was extracted from breast cancer tissues and 
cells using the TRIzol method. After quantification, total 
RNA was reverse transcribed into total complementary 
DNA (cDNA) using the Takara RT kit in accordance with 
the manufacturer's instructions. The PCR was performed 
using the cDNA as a template and the appropriate proportion 
of pre‑synthesized PCR primers. The sequences of the DOR 
primers were 5'‑ACCAAGATCTGCGTGTTCCT‑3' for the 
upstream primer and 5'‑CGATGACGAAGATGTGGATG‑3' 
for the downstream primer. The sequences of the β‑actin 
primers were 5'‑CTGGGACGACATGGAGAAAA‑3' for the 
upstream primer and 5'‑AAGGAAGGCTGGAAGAGTGC‑3' 
for the downstream primer. The volume of the PCR reaction 
was 50 µl. The PCR reaction conditions consisted of 31 cycles 
of 94˚C for 2 min, denaturation at 94˚C for 30 sec, annealing at 
55˚C for 30 sec and elongation at 72˚C for 30 sec. The obtained 
PCR products were subjected to agarose gel electrophoresis 
(1.5% gel). The gel was scanned and analysed using a gel 
imaging system.

Western blot analysis. The total protein was extracted from 
tissues and cells and quantified using the bicinchoninic 
acid  (BCA) assay. The protein samples were subjected to 
sodium dodecyl sulphate‑polyacrylamide gel electropho-
resis  (SDS‑PAGE) and then transferred to nitrocellulose 
membranes. The membrane was blocked at 4˚C overnight in 
a Tris‑buffered saline/Tween‑20 (TBST) blocking solution 
containing 5% non‑fat dry milk. After blocking, the membrane 
was incubated with the primary antibody at 37˚C for 1 h. The 
membrane was washed three times for 10 min each wash 
with TBST and then incubated with the secondary antibody 
at 37˚C for 1 h. The membrane was washed three more times 
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for 10 min each wash with TBST. Subsequently, the proteins 
were visualized using enhanced chemiluminescence (ECL) 
reagents. The images were scanned and analysed.

Cell viability assay. Logarithmically growing cells 
were selected. Each group of cells was treated for 48  h. 
Subsequently, the cells were incubated in the presence of 
20 µl of 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT) (5 mg/ml) for 4 h at 37˚C in a 5% CO2 incu-
bator. The spent solution was discarded and 150 µl of dimethyl 
sulphoxide was added to each well of cells. The cells were then 
agitated at low speed for 10 min on a shaker at room tempera-
ture. The optical density (OD490) value was determined using 
a microplate reader.

Cell cycle analysis. The cells were collected and fixed with 
pre‑cooled 70% ethanol at 4˚C overnight. The cell density was 
adjusted to 1x106 cells/ml. Subsequently, 50 mg/l of RNase, 
100 mg/l of propidium iodide (PI) and 1 ml/l of Triton X‑100 
were added to the cells. The cells were incubated in the dark 
for 15 min, and the labelled cells were examined by flow 
cytometry.

Examination of apoptosis. The cells were digested with 
trypsin and then resuspended at a density of 1x106 cells/ml. 
After the addition of 5 µl of Annexin V‑fluorescein isothio-
cyanate (FITC) and PI, the cells were incubated at 37˚C for 
15 min in the dark. Subsequently, the cells were analysed by 
flow cytometry.

Generation of tumour‑bearing nude mice. The animal 
experiments were conducted after receiving approval from 
the Medical Ethics Committee of Guilin Medical College. All 
the mice used in the present study were purchased from the 
Experimental Animal Centre of Guilin Medical College. The 
mice were male, aged 6‑8 weeks, and weighed 20±0.5 g. The 
mice were randomly divided into two groups, and each group 
contained five mice. Xenograft tumours were established 
using the conventional method of subcutaneous inoculation. 
Four weeks later, the mice were euthanized by cervical dislo-
cation. The xenograft tumours were collected for subsequent 
experiments.

Statistical analysis. All experimental data were subjected to 
statistical analysis using SPSS 16.0 statistical software. The 
quantitative data were expressed as the means ± standard devi-
ation. Comparisons between two groups were conducted using 
t‑tests. The relationship between DOR and clinical pathology 
data was assessed using the Chi‑square test. The differences 
in survival rate were assessed using the Kaplan‑Meier survival 
analysis. In addition, survival rates were compared between 
the groups using the log‑rank test. P<0.05 indicated a statisti-
cally significant difference between two groups.

Results

DOR is highly expressed in human breast cancer tissues and 
cells. RT‑PCR and western blot analysis were completed to 
analyse DOR expression in breast cancer tissues and cells. 
The examination of the 62 breast cancer and paracancerous 

tissues revealed that DOR mRNA was highly expressed in 
cancer tissues. In contrast, the corresponding paracancerous 
tissues either expressed a low level of DOR mRNA or showed 
no DOR mRNA expression (p<0.05). Among the examined 
cell lines, MCF‑7 and SKBR‑3 cells highly expressed DOR, 
and MDA‑MB‑231 and MCF‑10F cells showed low or no 
DOR expression (p<0.05)  (Fig. 1A). To further verify the 
RT‑PCR results, a western blot analysis was performed. 
The results showed that the expression level of DOR protein 
was significantly higher in breast cancer tissues than in the 
corresponding paracancerous tissues (p<0.05). In addition, the 
expression level of DOR protein was higher in various types 
of breast cancer cells than in normal breast epithelial cells 
(p<0.05) (Fig. 1B).

The relationship between DOR expression and the clinical 
characteristics of breast cancer. The relationship between 
DOR expression in breast cancer and clinical pathology 
data was examined. Among the 62 breast cancer patients, 
54 patients (83.1%) showed high DOR expression in cancer 
tissues, whereas only 19 patients (30.6%) showed DOR expres-
sion in paracancerous tissues. This difference was statistically 
significant (p<0.05). DOR expression was positively correlated 
with tumour metastasis (p<0.05) and clinical stage (p<0.05, 
Table  I). In contrast, no correlation existed between DOR 
expression and other clinical parameters, including age, 
tumour size, tumour location and the presence/absence of 
tumour recurrence.

The relationship between DOR expression and survival. 
All of the patients were subjected to regular follow‑ups. The 
Kaplan‑Meier survival curves were analysed, and the results 
showed that the overall survival rate was significantly lower 
in patients from the DOR‑positive group when compared 
with the DOR‑negative group (Fig. 2). The survival rates were 
compared between the groups using a log‑rank test, and the 
results revealed that high DOR expression was related to a 
poor prognosis in breast cancer patients (p<0.05). The results 
indicate that high DOR expression exerted an adverse effect 
on the prognosis of patients with breast cancer.

Activation of DOR promotes the proliferation of human 
breast cancer cells. Based on the expression status of DOR 
in breast cancer cells, we selected two cell lines, MCF‑7 and 
SKBR‑3, to investigate the effect of DOR on the proliferation 
of breast cancer cells. [D‑Ala2, D‑Leu5]enkephalin (DADLE) 
is a specific DOR agonist. The proliferation rates of the breast 
cancer cells after DADLE treatment were determined using an 
MTT assay. The OD490 value of the breast cancer cells showed 
a gradual dose‑dependent increase at DADLE concentrations 
between 10 nM and 1.0 µM. In contrast, the OD490 value of the 
control group did not significantly change (p<0.05). However, 
when the concentration of DADLE exceeded 1.0 µM, the 
OD490 value of the breast cancer cells did not show a further 
increase (Fig. 3). The results demonstrate that activation of 
DOR promoted the proliferation of human breast cancer cells. 
In addition, this DOR effect was concentration‑dependent.

DOR inhibits breast cancer progression in vitro. The RNA 
interference  (RNAi) technique was employed to silence 
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DOR expression in the breast cancer cell line MCF‑7. A 48‑h 
siDOR transfection led to the successful silencing of DOR 
expression. The OD490 value was significantly lower in the 

siDOR‑transfected group when compared with the control 
group and the group transfected with a negative control oligo-
nucleotide (p<0.05) (Fig. 4A). The results indicate that DOR is 
capable of inhibiting breast cancer cell proliferation. To further 
clarify the mechanism used to affect the proliferation of human 
breast cancer cells, flow cytometry was performed to examine 
apoptosis and the cell cycle. The apoptotic rate was significantly 
increased in breast cancer cells after RNAi‑mediated silencing 
of DOR when compared with the control group and the nega-
tive control oligonucleotide‑transfected group (p<0.05). The 
expression levels of caspase‑3, caspase‑9 and cytochrome C 
protein were also elevated in breast cancer cells after DOR 
silencing when compared with the control group and the nega-
tive control oligonucleotide‑transfected group. The expression 
levels of B‑cell lymphoma 2 (Bcl‑2) and B‑cell lymphoma‑extra 
large (Bcl‑xL) were reduced in breast cancer cells after DOR 
silencing compared to those in the control group and the nega-
tive control oligonucleotide‑transfected group. The majority of 
the tumour cells were arrested in the G1 phase after silencing 
of DOR (p<0.05). In addition, the levels of cyclin‑dependent 
kinase 4 (CDK4) and cyclin D1 were decreased and the levels 
of p15 and p21 were increased in these cells (Fig. 4B‑E). These 
results indicate that the inhibitory effect of DOR on breast 

Table I. Clinical characteristics.

	 No.	 χ2	 P‑value

Age (years)		  0.087	 0.768
  ≤45	 24	
  >45	 30	
Tumour size (cm)		  0.245	 0.620
  ≤2	 32	
  >2	 22	
Tumour location		  0.006	 0.940
  Left breast	 21	
  Right breast	 33	
Axillary lymph node		  23.852	 0.000
  0	   6	
  1-3	 35	
  >4	 13	
Clinical stage		  4.059	 0.044
  I-Ⅱ	 35	
  Ⅲ	 19	
Relapse		  0.221	 0.638
  Yes	 18	
  No	 36	

Figure 2. Evaluation of the relationship between δ‑opioid receptor (DOR) 
and the prognosis of patients with breast cancer using the Kaplan‑Meier 
survival analysis (p<0.05).

Figure 3. δ‑opioid receptor (DOR) promotes breast cancer cell prolifera-
tion. MCF‑7 and SKBR‑3 cells were treated with various concentrations of 
[D‑Ala2, D‑Leu5]enkephalin  (DADLE) (0, 10, 100, 1.0  and 10 µM) for 
48 h.Subsequently, the cell viability was examined using the MTT assay. 
Compared with the control group, *P<0.05. Each independent experiment 
was repeated in triplicate.

Figure 1. The δ‑opioid receptor (DOR) expression level is elevated in human 
breast cancer tissues and cells. (A) Examination of DOR expression in 
tumour and paracancerous tissues using reverse transcription polymerase 
chain reaction (RT‑PCR). (B) The examination of DOR expression in tumour 
tissues, paracancerous tissues and tumour cells using western blot analysis. 
Each independent experiment was repeated in triplicate.
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cancer progression is closely related to the promotion of apop-
tosis and the blockage of cell cycle progression.

The effect of DOR on xenograft tumours in nude mice. Four 
weeks after the subcutaneous inoculation of tumour cells, the 
rate of tumour formation reached 100% in the si‑Control group. 
The rate of tumour formation was 80% in the si‑DOR group. 
The xenograft tumour grew more rapidly in the si‑Control 
group than in the si‑DOR group. In addition, the volume and 
weight of the xenograft tumours were significantly reduced in 
the si‑DOR group compared to those in the si‑Control group 
at all time points examined (p<0.05) (Fig. 5A‑D). The results 
indicate that DOR inhibits tumourigenesis in nude mice.

Role of the PKC/ERK pathway in DOR‑mediated effects on 
breast cancer progression. The phosphorylation levels of PKC 
and ERK proteins were examined to verify the specific role of 
the PKC/ERK signalling pathway in the DOR‑mediated effects 
on human breast cancer progression. The results showed that 

activation of DOR led to significantly increased phosphoryla-
tion of the PKC protein in the cytoplasm (p<0.05). In addition, 
the intracellular phosphorylation level of the ERK proteins 
increased accordingly (p<0.05). The results demonstrate that 
DOR induced the phosphorylation of PKC and ERK proteins. 
However, treatment of the tumour cells with PKC‑specific 
antagonist GF109203X (10 µM) significantly inhibited the 
proliferation of tumour cells, regardless of DOR activation. 
Moreover, blocking the PKC pathway resulted in a decline in 
ERK phosphorylation levels (Fig. 6). The results demonstrate 
that the PKC pathway plays a critical role in the DOR‑mediated 
effects on the progression of human breast cancer.

Discussion

Breast cancer is a common malignancy in women. Breast 
cancer originates in the breast ductal epithelium and mainly 
occurs in women between 40‑60 years of age. Breast cancer 
ranks first among malignant tumours in women and is a major 

Figure 4. Downregulation of δ‑opioid receptor (DOR) inhibits the progression of breast cancer in vitro. MCF‑7 and SKBR‑3 cells were transfected for 48 h. 
(A) The examination of cell viability using the MTT assay. (B) The analysis of apoptotic rate using flow cytometry. (C) The examination of the cell cycle 
by flow cytometry. (D) The examination of the changes in the expression of apoptosis‑related proteins in MCF‑7 cells using western blot analysis. (E) The 
examination of the changes in the expression of cell cycle‑related proteins in MCF‑7 cells by western blot analysis. Compared to the control group, *p<0.05. 
Each independent experiment was repeated in triplicate.
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disease that threatens women's health. The incidence of breast 
cancer continues to rise year after year (31,32). An earlier 
detection of breast cancer correlates with an improved thera-
peutic efficacy. However, the pathogenesis of breast cancer is 

not entirely clear. Therefore, understanding the mechanisms 
underlying the development and progression of breast cancer 
is vital for breast cancer research and treatment.

Opioid receptors are the receptors for endogenous opioids 
and opioid analgesics  (33). Opioid receptors belong to the 
superfamily of seven‑transmembrane GPCRs, including 
µ, κ and δ receptors. The binding of opioid receptors to the 
natural ligands present in the organisms, such as endorphins, 
dynorphin, enkephalin and nociceptin, activates inhibitory G 
proteins in the cytoplasmic face of the plasma membrane and 
triggers downstream molecular mechanisms through various 
signal transduction pathways (34). DOR is widely distributed in 
the heart (8), GI tract (9‑11), immune system (12), reproductive 
system (13‑15) and other tissues (35). Among all of the opioid 
receptor family members, DOR is believed to be the most 
closely related to cell survival and cell proliferation (35,36) 
and is involved in the development and progression of certain 
malignant tumours. Studies that assessed the role of DOR in 
breast cancer are rare. In the present study, we found that DOR 
was highly expressed in human breast cancer tissues and cells. 
Subsequently, DOR expression was analysed in combination 
with the clinical pathological data of breast cancer patients. 
Positive DOR expression was closely related to lymph 
node metastasis, distant metastasis and the clinical stage of 
tumours. The results indicate that DOR is closely associated 
with the development, progression and clinical treatment of 
breast cancer.

Tumourigenesis is a multistep, prolonged interactive 
process that involves a variety of factors. Tumourigenesis is 
closely related to abnormal cell proliferation and apoptosis. A 
recent study showed that among the members of the opioid 
receptor superfamily, DOR is closely related to cell survival 
and proliferation (36). Zhao et al found that DOR activation 
promotes the proliferation of ventricular myocytes in neonatal 
rats (28). Avella et al found that endogenous opioid peptides 

Figure 5. δ‑opioid receptor (DOR) inhibits tumour growth in nude mice. (A) Tumour‑bearing nude mice. (B) The surgical resection of tumour tissues at 28 days 
after tumour cell inoculation. (C) The tumour volumes were measured at 7, 14, 21 and 28 days after inoculation with tumour cells. (D) The weights of the two 
tumour groups at 21 and 28 days after inoculation with tumour cells. Compared with the control group, *p<0.05. Each independent experiment was repeated 
in triplicate.

Figure 6. Role of the protein kinase C (PKC)/extracellular signal‑regulated 
kinase (ERK) pathway in the δ‑opioid receptor (DOR)‑mediated effects 
on breast cancer progression. MCF‑7 and SKBR‑3 cells were treated with 
1.0 µM of [D‑Ala2, D‑Leu5]enkephalin (DADLE) or 10 µM of GF109203X 
for 48 h. (A) The examination of cell viability using the MTT assay. (B) The 
examination of PKC and ERK expression levels by western blot analysis. 
Compared with the control group, *p<0.05. Compared with the DADLE 
group, **p<0.05. Each independent experiment was repeated in triplicate.
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promote liver cancer cell proliferation through DOR activa-
tion in the membrane of liver cells (37). The present study 
found that changes in DOR activity had a major impact on 
breast cancer cell proliferation and apoptosis. Activation 
of DOR promoted the proliferation of human breast cancer 
cells in vitro. The results of the present study are consistent 
with the aforementioned published research findings. However, 
a study conducted by Kuniyasu et al showed that methionine 
enkephalin inhibits the proliferation and invasion of colorectal 
cancer cells (17). This finding is contradictory to the results of 
the present study. The contradiction is likely due to the differ-
ences in tumour characteristics.

Delayed cell cycle progression is another important factor 
that affects the proliferation of tumour cells (38). The present 
study found that silencing DOR expression induced G1‑phase 
arrest in breast cancer cells, thereby inhibiting tumour cell 
proliferation. Targeted silencing of DOR also induced apop-
tosis in breast cancer cells. In addition, the silencing of DOR 
expression effectively inhibited the progression of xenograft 
tumours in tumour‑bearing nude mice. These results demon-
strate that DOR is closely related to breast cancer progression.

It is well‑known that PKC is widely distributed in living 
organisms. PKC regulates the proliferation and differen-
tiation of various types of cells. Studies have shown that 
activated PKC inhibits apoptosis in various cell types (39‑41). 
Oskoueian et al (24) and Li et al (25) found that PKC partici-
pates in breast cancer cell proliferation and differentiation. 
Recently, the consensus PKC phosphorylation sequence was 
discovered in DOR. The treatment of NG108‑15 cells with 
DOR agonists activates PKC in a dose‑dependent manner, 
whereas DOR‑mediated PKC‑activation is blocked by DOR 
antagonists  (42). Therefore, DOR‑mediated intracellular 
signalling pathways are closely related to the PKC pathway. 
The present study found that DOR activation in breast cancer 
cells led to the phosphorylation of the PKC protein. In addi-
tion, the phosphorylation level of ERK proteins was also 
increased. ERK belongs to the MAPK family and is related 
to cell proliferation, transformation and differentiation. The 
ERK pathway plays an important role in tumour develop-
ment, progression and metastasis; thus, members of the 
pathway have become the molecular targets for novel cancer 
drug development (43). In recent years, studies have shown 
that DOR activation induces cell proliferation through the 
ERK signal transduction pathway (28‑30). Zhu et al found 
that a DOR‑specific agonist activated PKC and subsequently 
induced ERK activation (26). The results of the present study 
are consistent with the aforementioned previously reported 
results.

To prove that the PKC/ERK pathway is related to the effect 
of DOR on breast cancer progression, we artificially suppressed 
the PKC pathway. Inhibition of the PKC pathway resulted in 
the suppression of breast cancer cell proliferation, regardless 
of DOR activation. In addition, the phosphorylation level of 
ERK was decreased. These results indicate that the PKC and 
ERK pathways are involved in the apoptosis of MCF‑7 cells 
induced by DOR downregulation; furthermore, DOR activa-
tion may promote the development and progression of breast 
cancer through the PKC/ERK pathway. A recent study found 
that DOR is related to tumour chemosensitivity (44). DOR is 
also involved in cell cycle progression. Further investigation 

is required to determine whether DOR affects chemotherapy 
resistance in breast cancer.

In summary, the present study demonstrated that DOR 
is highly expressed in breast cancer tissues and cells and is 
closely related to the progression of human breast cancer. 
Moreover, the present study suggests that the effects of DOR 
occur via the activation of the PKC/ERK signal transduction 
pathways. Future clarification of the mechanisms of DOR 
function is vital in order to understand the role of DOR in 
breast cancer progression and the development of treatment 
strategies focused on this potential therapeutic target.
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